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SUMMARY

An analysis of the cooling problem for a finned cyl-
inder is made on the basis of the known fundamental prin-
ciples of heat transfer from pipes. TExperimental results
that suppors the analysis arse presented. The results of
previous investigations on the problem are evaluated on
the basis of the analysis and the results. An ililustra= =
tion of the application of these principles to a specific
problem is included.

IXTRODUCTION

The N.A.C.A. has made a study of the effect of fin
spacing on model baffled engine cylinders (references 1,
2, and 3), 'The purpose of this report is to present fur—
ther Information relating %o the subject.

An analysis of cooling phenomsna, using the known
principles of heat transfer for pipes, is made and the
analysis i1s used to correlate the results of the present
study with the results presented in references 1 and 2.

ANALYSIS OF THE PROBLEM

In order to understand more clearly the fundamental
principles involved in the cooling of a finned ecylinder,
it is useful to consider the simpler case of the heat '
transfer to a fluid flowing through a pipe. McAdams (ref-
erence 4) gives the nondimensional formula
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where h is the local heat-transfer coefficient.
d, the hydraulic diameter of the tube.
k, the conductivity of the fluid.
the specific heat of the fluiad,
L, the viscosity of the fluigd.
¥, tlhe average velgeclity of the fluid.
P, the deunsity of the fluid.
1, the length of the pips,
C,, a constant, |
The exponents m, =n, and 1 have two sets of wvalues,
one for turbulent and one for laminar flow. The exponent
i is very small and thus the ratio /4 has only a small
influence. Prandtl's number w/k is a measure of the
physical properties of the fluig and ls almost constant
for a given fluid,
The relation for h may be written
vn

.1-n
d

h = C, n< 1 (2)

This relation indicates that the heat-transfer coefflclent
will increase with the veloclity and increase with a de-
crease in the pipe diameter., If the wall of the pipe is
maintained at a constant temperature, the fluilid is heated
up and, if the pipe is sufficiently long, the average fluld
temperature approaches the wall temperature, as i1llustrated
in figure 1,

If the pipe is required to dissipate a constant
amount of heat per wunit length and there is no conduction
along the pipe, the temperature of tube and fluid varies
with pipe length, 1, as illustrated in figure 2.
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The heat-transfer coefficient is proportional *o

v2/a*"®, Thus it is constant throughout the pipe and, as
the fluid hests up, the pipe must heat up also, This il-
lustration pictures almost exactly the conditions imposed
when cooling is accomplished by a baffled finned cylinder.
The air passages formed by the fins, the cylinder wall,

and the baffle are im reality only pipes through which the
average velocity must remain constant. If the velocity
distribution is uniform, h will be maximum for that av-
erage vclocity. It is known from reference 5 that, through—
out the greater part of the length, the velocity dlstribu—.
tion does not change to any appreciable extent so that h
must remaln rolatively constant except near the centrance

to aniexit from the air passages. The fact that the fins
transmit the heat by conduction from the cylinder wall o
the air and thus represent indirect cooling does not enter
the pilcture except as an efficiency factor. With a given
arrangement, the fin temperature and the air temperature'
follow curves similar to those in figure 2 along the air-
passage length. - :

Effect of Velocity and Tube Diameter

It has been shown that the heat-transfer coefficient
can be increased by increasing the velocity of the fluid
or by decreasing the diameter of the tube. Since the ex-~
ponent n 1is approximately 0.8 for turbulent flow, it is
obvious that the heat-transfer coefficient will be affect-
ed much more by changes in velocity of the fiuid than by
changes in the diameter of the pipe. This observation
would sscem to make the solution of the problem very simple.
Blower cooling is just such a solution.

If the diameter of the tube is decreased, the heat-
transfer coeffic1ent is increased proportlonally to 1/dl -2
giving 1/d°' for turbulent flow, This increass in i%-
gself is not particularly spectacular. On a finned cylin-
der.when 4, the hydrauvlic diametsr, is decreased, how-
ever, the number of fins is increased in inverse proportion.
. Thus the area to which h 1is applied is greatly increasecd
and the heat that may be dissipated is almost doubled by
halving 4.

Power Required for Cooling

The power required for cooling is QAp, where Q 1is
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the volume of fluid (per unit time) and &p the pressure
drop across. the pipe., The volume and pressure drop ars
functions of the velocity. Glauert (reference 6) gives
tae relation for turbulent flow:

1
dp 1 P VE
e B (3)
pt/e a

‘wherc dp/dl is the pressure gradient in the pipe and R
is the Reynolds Numdber Vdp/p. The pressurce gradient is
thus a function of the pipe diameter and the fluid velocw~

ity. TFor a given pipe, Ap o« V**7?5, where Ap is the
actual pressure drop in the pipe. The 4Ap 1loss at the
entrance and the exit is fthe sawe as for an orifice and
will therefores be proportional to - V2, Thus doubling the
velocity will increase h 75 percsnt (soce egnation (2))
and reguire about soven times the power for cooling (equa-
tion (3)). The foregoing relationship among Ap, 1, 4,
and V 1ls suilted to practical work becanse Ap 1is giveon
©xpliclitly ia terms of the otner variables, The Ap
available for cooling boing fixed, the other varlables
must be chosen to give adeguate cooling and to be consist-
ent among themsslves,

Heat Dissipation
The heat dissipated AH in terms of the pipe dimen-~
sions and pressure 4rop. can now be written

AH = QPe, 4 T, = h 7w d dl (Ty - Tg) (4)
P A .

where T, 1s-the pipe-wall temperature.

T, is the air temperature at any point 1.

a
Vird
4

Q =

The inlet-air temperature is dosignated Tig
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\Ta
/ C a4 T,
JTia T, - T,
. Ty - Ta
og
Ty - Tia
Tw-- Ta
Tw - Tia
or
ia =16
Iy = T4q

As the heat-transfer efficisncy Mp approaches zero, the
heat transfer goes to a maximum,

The basic problem is the determination of the heat

that can be dissipated with a given frontal aresa,

base

area, pressure drop, and tempsrature difference between

the cooling air and the body.

the second part of equation (4) gives

The use of equation (5) in
H as a function

of the tube dimensions, the velocity, and the difference
between inlet-air and tube-wall temperatures,

Yrd
E= L5 gep (Ty - T3p) (1 - e

4h

Vdpcp >

Eliminating h &and V by means of equatlions (2) and (3),

respectively,
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0..7O4AP4/7 d19/7 p4/7

oy (T - Tyg)

ale A/w
3 e
/ .
/ i Ca ul 35 pa/zs 155/35 \
k\l'h o AP4/:55 dss(ss ) (6)

Thus H is a function of the temperature differencs,
the Ap, and the pipe dimensions., The curve of H/A
against 1 (fig. 3) for constant Ap and constant temper-
ature difference between inlet air and pipe wall has a max-
inum at a given 1/d ratio. These curves show that the
heat dissipated from a glven frontal area i1s almost the
same, regardless of tube diameter as long as the length is
made optimum for sach diameter,

The same analysis holds true for the air passage on a
finned cylinder, where & 1is the hydraullc diameter, The
actual constants appearing in tho equations will be diff.
erent but the fundadental fact that there is an appropri-
ate lergth of-air passage for each fin spacing 1s unaffect-
ed,

The actual values of the heat-transfer coefficient
are of more academic interest than practical value. - The
real problem ig to know what changes' to make ia L£innlng
and baffling to give & desired increase in cooling,

The analysis has been based largcly on the case of
turbulent boundary layer, The case for laminar boundary
layer i1s essentially the same, in which

[

Q. F

h o ———— dp ‘cc %; -
dO.S : a

.

At low velocity, the flow through a given pipe will
be laminar and at high velocity the flow will be turbulent.
It follows, then, that thore must be a transltion between
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these two flow types that will show up in both the friction
losses and the heat-transfer coefficlent,

RESULTS

Tests on Pipes

A series of tests was run with pipes .in connection
With another problem to detsrmine the friction loss, These
tests were made with tubes ranging from 1/16—inch diemster
and 24-inch length to 1/2-inch diameter and 72-inch length.
Similar tests were a2lso made of tubes having square and
rectangular cross sections. Figure 4 shows the friction

factor (f = EE i > plotted against the Reynolds Number,

dl g -
The results are in complete agreement with those of
Nikuradse (roference 7) for 8mooth tubes,

The results for tubes fall on .two straight lines con-
nected by transition curves, The stralght line at the _
left is for laminar flow and the straight line at the right
ig for turbulent flow. The various transitions between
these two types of flow depend upon tho sentrance, the rough-
negs, and the straightness of the tube. Transition must
come between values of Reynolds Numbers A and B shown in
figure 4, 1t may occur at A if the entrance is bad or thers
are sharp bends in the tube or if the inside of the tube is
rough, It cannot come later than B regardless of perfect
entrance, straight pipe, and smocth inside pipe surface,
(See reference 8.) Any practical arrangement, such as a
radlator or finned cylinder, gives a transition similar to
C., A transition that occurs at a Reynolds Number close to
B is sxtremely unstable and can be realized sxperimentally
only with very elaborate tosts. .

Figure 5 shows a curve of h agalnet V at constant
pipe diameter and figure 6 shows h against 4 at con-
stant velocity., Each figure is for a transition like C
(fig. 4)., A study of figures 4 and 3 reveals that, for con-
stant fluid velocity, both friction and heat transfer in.
crease as the diameter of the pipe decreases, Thus, as the
pPipe diameter is decreased, the friction incroases and the
veloclty would be reduced unless the pipe length were ro-
duced. As the pipe diameter is reduced, both the area for
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cooling per unlt length and the heat-transfer coefficient
increase so that as much heat can be dissipated from the
short pipe as from the long pipe when the diameter is made
optimum for the length., It is s¢en that, whereas the 1/d
ratio has 1ittle effect on the local heat-transfer coeffi-
cient, it is all important in determining the total heat
that may be dissipated from a given surface. A simiiar
analysis led to the ideas. proposed in referencses 9.

Tests on Finned Cylinders
A series of tests was run on sections of finned cyl-

inders in which the length-spacing ratios were constant,
Table I shows the dimensions of the elements used.

TABLE I
Length s B . Number
arc fin spacing fin thickness of fins
(deg.) (in.) (in.) tested
180 © 0,125 0.033 B
90 .0625 .025 12
45 . 031 " .016 .21
22.5 - ,0186 . ... 006 45

A1l fins were of brass 1 inch in width, The cylinder

diameter, measured to the base of the fins, was 5.81 inches.

The heat-transfer coefficient U was determined for the
base area A. The coefficlent U .is shown plotted against
velocity (fig. 7) .

H
U=

AAT(W ~- a) 1y

The expression AT(w - a)zm is the logarithmic mean of the

N
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‘-difference between the base temperature and the cooling-
air temperaturec,

Reference 10 gives the felatipn
' 2 w o
U =,——h—— [ - <l 4 — ) tan h aw + s]
. s + ¢ a 2R’ .

‘'where a is ' zh7kmt, k, is the thermal conductivity

of the fins, and w 1is the fin width. PFrom this relation
for U 1% ie possible to find the average valuwe of h,
Obviously h determined in this way will be of rather low
accuracy since all the errors of mecasuroment are cumulative,
Pigure 8 shows Nusselt'!'s number hdi/k plotted against
Roynolds Numbser, Vdp/u. Tho scatter of ‘the data is con-
siderable but there is no doubt about the data having the
usuel ability to be correlated on such a plot. Figures 7
and 8 both show results that are identical in every respect
with those publlished for pipes., These figures show results
covering both the laminar and turbulent ranges together
with the transition from laminar to turdulent flow.

Figure 9 was construcfed to show how the several vari-
ables affect the over-all heat-~transfer coefficient U,
Here U ' 1s plotted as a function of s, each curve being
for a particular fin width, The lodcal heat- transfer coef-
ficients were taken from figure 8 at a wvelocity of 100
miles per hour., The optimum fin thickness was used for
sach spacing and width., Figure 10 shows the optimum fin
thickness plotted against fin spacing for the four fin
widths, A similar set of curves can be made for any air

speed, :

DISCUSSION

' Thess results demonstrate that the fundamental prin-
ciples of heat transfer as found for pipes may be applied
with confldence to problems of heat transfor on finned cyl-
" inders, The problem of application comes in the design .of
air entrance and exit to the fin space., (See reference 9.)

Whep'the results presented in references 1, 2, and 3,
are viewesd in' the light of the preceding analysis, it is
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apparent that the optimum spacing resulted from the choice
of fixed air-passage length, Obviously, smaller spacings
would have been found for shorter air-passage longths,

The heat-transfer coefficients defined in these tests
had an inverse dependence upon the hoating up of the alr;
that 19, as the air heated up, the coefficient docrsascd.
Although such a coefficient may be used to describe the re-
sults of a given test, it is impossible to use the coeffi-
cient for purposes of prediction of results when any of the
the test conditions are changed. Accordingly, great care
should be exercised in the use of these data to make certaln
that the arrangement %o which they are to be applied is
identical in all respects to the one tested.

Application of the Principles

The solution of & given cooling problem can bs solved
most easily by comparison with some arrangement whose cool-
ing properties are known, If information on the increase
in cooling needed on cne arrangement is known, 1t is neces-
sary only to change the fin dimensions to give the desired
inerease, No serious error will result from assuming h

to be constant, since it varies with a7 °*% for turdbulent

flow and d O'° for laminar flow, Present fin spacings

and alr speeds are invariably in the turbulent-flow range.
The increase in pressure drop as spacing 1s decreased can
be estimated by using the relations from reference 6.

In order to illustrate how a cooling problem may be
solved by comparison, assume a steel engine cylinder having
fins 1/2 inch wide with 0,100-inch spacing and 0,0375-inch
thickness with a baffle in contact with the rear half of
the cylinder. Suppose an increase in cooling of 25 percent
is desired for the baffled part of this cylinder. The
curves of figures 9 and 10 are for steel fins and are there-
fore directly applicable. The original cylinder had & heat-
transfer coefficient U = 1.6; therefore, a 35-percent in-
crease in cooling requires a U = 2.0,

If the increase ln U 1s obteained by increaslng the
fin width, it is necessary to make a cross plot of flgures
8 and 10 %o give U against w on figure 1l1(a) and %
against w on figure 11(b), both at & = 0.10. PFrom fig-
ure 11{a), a U = 2,0 occurs at w = 0.9 inch and fronm
figure 11(b) a w of 0.9 requires a thickness of 0.061]
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inch, The .velocity betwsen the fins will remain the same
.as in the original arrangement but there will be a 55-per-
cent increase in open area, resulting in a 55-percent In-
crease in air for cooling, -

If the spacing 1s reduced, keeping the wldth constant
and reducing the baffle length proportional to the spacing,
another solution is obtained, In this case, using figure
9 and following along the line for 1/2-inch fin width to
the point where U is 2,0, a spacing of 0.075 inch is
found, Figure 10 gilves a fin thickness of 0,033 inch for
this spacing and width, With this arrangcment the mass
flow of air and the heat-transfer efflcicncy both remain
practically unchanged.

The two solutions obtained by changing width and spac-
ing illustrate the complete interdepondence of all the var-

iables. The solution by changing width gave an increase of

25 percent in cooling for the original base area at an in-
creases in power to cool of 55 percent. The solution by
changing spacing gave a 25-percent increase in cooling in

. 75 percent of the base area at the same power to cool.

Both solutions require minor changes in the baffle. These
two solutions are only 1liustrative of an infinite number
of possible solutions, They 46, however, 1llustrate the
manner in which the principles of heat transfer as known
for pipes may be applied to the problem of cooling a finned
cylinder,

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va,, May 11, 1938,
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